The generation expansion planning is one of complex mixed-integer optimization problems, which involves a large number of continuous or discrete decision variables and constraints. In this paper, an interior point with cutting plane (IP/CP) method is proposed to solve the mixed-integer optimization problem of the electrical power generation expansion planning. The IP/CP method could improve the overall efficiency of the solution and reduce the computational time. Proposed method is combined with the Bender's decomposition technique in order to decompose the generation expansion problem into a master investment problem and a slave operational problem. The numerical example is presented to compare with the effectiveness of the proposed algorithm.
Introduction


The main objectives of the power generation expansion planning are to maintain the reliability of the power system and increase the cost efficient of the electricity energy supply over a given period of time. The power generation expansion planning problem is a complex mixed-integer nonlinear optimization problem which involves a large number of continuous or discrete decision variables and constraints.
The evaluations of the optimum investment capability and the mix of a power generation system require complicated optimization techniques [1] . There have been various attempts to solve the generation expansion problem using dynamic programming [2] , Lagrangian relaxation [3] , and the MIP (mixed-integer programming) [4] [5] [6] .
In this study, the power generation expansion planning problem is formulated using an MIP model. The proposed generation expansion problem involves both discrete and continuous variables, which cannot
Correponding author: Guk-Hyun Moon, senior researcher, Ph.D., research field: optimization and power system planning.
be incorporated in the same optimization problem [5] . Thus, the Benders' decomposition technique is employed to decompose the original generation planning problem into a discrete expansion investment problem and a non-linear operation problem. Details of the Benders' decomposed optimization technique have been described in Ref. [6] .
Because of the complexity of decomposed problems of the generation expansion planning, the estimation of dual variables requires high computational efforts. In this paper, the interior point with cutting plane (IP/CP) method [7, 8] is applied to enhance the computational efficiency of the proposed planning problem. The dual variables of the decomposed problems are updated by the IP/CP method. This IP/CP method is the one of the extended versions of IP (interior point), which improves the performance of the algorithm and solution quality. The computational performance of the IP/CP has been demonstrated in Ref. [8] .
The remainder of the paper is organized as follows: Section 2 describes the optimization model for generation expansion planning and required assumptions; Section 3 presents the proposed generation expansion planning method with IP/CP; Section 4 presents the numerical results; and Section 5 concludes the paper.
Problem Formulation
Optimal generation expansion planning aims to minimize investment and operations costs. In this problem, the scales, locations, and periods of investment decisions can be formulated by introducing the MIP technique [4] . The generation investment decisions are scheduled at intervals of one year whereas the electricity demand is met in intervals of one day. Consequently, the generation expansion planning optimization problem can be formulated as follows (1)- (7).
(a) Objective function:
where, i is the index for generation unit, y and d are the index for year and day, respectively; Y and D are the number of planning years and days, G and G+ are the set of existing and candidate generation units, respectively; c i is the generation cost coefficient of generation unit (i); wg is the generation investment decisions, p is the dispatch schedules of generation units, r is the discount rate.
(b) Generation investment constraint: (e) Generation limits of thermal units:
max min (5) where P min and P max are minimum and maximum power output of generation unit (i).
(f) Thermal limits of transmission lines:
max max (6) (g) Power flow variables equality equation:
As the generation planning problem with MIP technique is formulated, the proposed Benders' decomposition solution technique with the IP/CP method is presented in the following section.
Proposed
Planning Method for Generation System with IP/CP Method
Benders' Decomposed Generation Expansion Planning Problem
In this sub-section, the power generation expansion planning problem is solved using the Benders' decomposition technique. The investment decision variables involved in the proposed expansion planning problem consists of mixed integer variables that cannot be incorporated within the traditional optimization problem [5, 6] . In this study, therefore, the Benders' decomposition technique is adopted to separate the combinatorial expansion problem into a master investment problem and a slave operational problem. The master problem for minimizing generation investment costs can be formulated as following Eqs. 
where, Θ and Φ are the respectively the marginal value of the objective function, the generation capacity limit in the slave problem; and n is the index for the iteration number. MP-c) Generation investment constraint:
Given an optimized generation investment plan (wg*), the slave problem of the fault current level calculation can be derived as the following optimization problem (11)-(15):
[Slave Problem] Power System Operation: SP-a) Objective function for minimizing operation cost: 
The dual constraint (9) is represented in terms of the expected marginal value of the system operational constraints (14). The marginal value indicates the optimality and feasibility of the sub-problem. As the Benders' decomposed generation expansion problem which incorporating dual variables are formulated, the dual optimization technique with the IP/CP method is presented in the following sub-section.
Dual Optimization with Interior Point with Cutting Plane (IP/CP) Method
While the iterations, dual variables are updated adequately based on former iterations step's information. Updating dual multipliers during the iterative process is also critical for the convergence of the Benders' decomposed optimization problem. In this paper, IP/CP Lagrangian updating method [9] is adopted to compute the step length of the dual multiplier at the i-th iteration. The IP/CP method could reduce the computational efforts involved in the estimation of global optimization solutions. With the IP/CP method, the marginal value of the generation capacity constraints is used to calculate the step length for the multiplier. The step length of the dual multiplier can be estimated using the following equation:
where,
The element I is an identity vector with the appropriate length, l v is the gradient of dual function with respect to v  . Once the value of v  is updated, the slave problem v sends it to the master problem and finds new values for dual variables, and n represents the number of iterations. The tie-line power flow mismatch information is used to calculate the step length for the multiplier. The following equation is used to update the dual variables:
The step length n  obtained by the IP/CP method is used to update the dual variables. The partitioning of the feasible region by the cutting plane method results in efficient and accurate estimation in dual planes. An in-depth discussion of IP/CP techniques and the issues involved in designing optimization models has been provided in Ref. [8] . The iterative procedure to estimate the optimal solution of the dual function with IP/CP is illustrated in Fig. 1. 
Proposed Generation Capacity Planning Method Incorporating IP/CP
The proposed algorithm procedure is presented as follow, which is used for solve the Benders' decomposed generation expansion problem by the IP/CP method. The algorithms include an iterative process with following steps.
Step 1-Set the iteration counter n = 1. Set the primal decision variables to 0 and set the cut variables , Φ, Θ to some initial points;
Step 2-Solve the master generation expansion problem subject to planning constraints and determine investment decision variables;
Step 3-Calculate the lower bound of the optimization problem by using the following equation:
Step 4-Solve the slave power operation problem subject to operation constraints and determine dual variables;
Step 5-Calculate the upper bound of the optimization problem by using the following equation:
Step 6-Calculate the step length for each dual variable by using Eq. (17);
Step 7-Update the dual constraint parameters in the master problem with step length for each dual variable of the slave problem by using Eqs. (18) and (19);
Step 8-(Stopping criterion) If the obtained duality gap is less than criterion value σ,
then the algorithm terminates with investment decision variables wg* as solutions. Otherwise, go back to Step 2 and repeat the algorithm. The overall procedure of proposed planning method is illustrated in Fig. 1 . 
Numerical Examples
The proposed generation expansion planning method is tested on modified Garver's 6-bus test system, which is shown in Fig. 2 . The length of planning horizon to be considered is set to 5 years, and the average annual increase rate of electricity peak demand during planning horizon is assumed to be 3.5%. The discount rate for calculating present value is set to 5.0%.
It can be seen from Table 1 that the data for the system demand is shown, and Table 2 shows the data for the existing generation unit. Table 3 shows the data for the candidate generation unit. The optimal investment decisions are determined by the iterative procedure. The boundary gap tolerance which determines the stopping criterion is set to 10 -1 .
In addition, the classical gradient based dual optimization method [9] is implemented for the comparison of the computational performance. The investment decision results for each approach are shown in Table 4 . Also, Table 5 shows the computation times for the proposed stochastic planning method with IP/CP and the existing optimization method with gradient. Each approach obtains the feasible solutions which do not violate the power balance constraints and generator lower and upper limit at every planning stage. In addition, the investment decisions by each approach are same. From Table 5 , the computational time of the proposed method is 72.17% decreased compared to the optimization method with gradient. With respect to the iteration number, the iterations number of the IP/CP method is 4 while the iterations number of the gradient method is 17. These simulation results show that the proposed generation expansion planning method with IP/CP could reduce the computational efforts of the planning problem.
Conclusion
This paper presents a Benders' decomposition technique to solve the generation expansion planning optimization problem. The IP/CP method was employed to reduce the computational efforts required by the proposed method while maintaining the optimality of the solution. It is demonstrated in numerical examples that the proposed decomposed optimization approach with the IP/CP method effectively reduces the operating time compared to the existing gradient method. In the future, it would be necessary to investigate the combined effects of the other optimization techniques into the generation expansion planning problem.
